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INTRODUC!LTON 

This paper wlll dqacribe the MASA programs for  f l i gh t  t e s t s  of e lectr ia  
thrustors and f o r  early space missions using e lec t r ic  propulsion, The f l i gh t  
t e s t s  described herein are scheduled for  the time period 1963 t o  1970, 

The e lec t r ic  thrustor f l i gh t  tes ts  during th i s  period w i l l  have three 
main ob jectives : 

(1) To supplement vacuum tank t e s t s  of e lectr ic  thrustors and p d d e  

(2) To provide data on problems involved i n  the integration of thrust- 

(3) 20 qualify e lectr ic  thrustors  f o r  mission applications, 

data on phenomena for  which t a n k  t e s t s  are inadequate or questionable. 8 

ors with power supplies and f l i gh t  vehicles, 

SPACE ELECTRIC ROCKET TESTS (SERT) 

SERT I 

Two b a l l i s t i c  f l i g h t s  using four-stage Scout vehicles are planned during 
the time period indicated in figure 1, On each of these f l ights ,  two ion 
engines will be operated, 
It w i l l  weigh about 350 pounds, Flight time above 200 n, miles wlll be 
about 50 minutes, and during this time useful ion engine performance data 
can be- obtained, 

The payload package is shown i n  figures 2 and 3. 

Purpose, The primary objective of the SERT I f l igh t s  i s  t o  establish 
the f ees ib i l i t y  of neutralization of ion beams i n  space. Vacuum tank t e s t s  
indicate that neutralization is  being effected by electron emitters located 
a t  the back of ion engines, but certain questions exist rcgzrding tank data, 

n 

/ 
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h e  question stems from the effect  of the vacuum trnk walls. Dura  
continuous operation of an ion rocket the ion beam provides a conducting 
path f o r  movement of electrons frcm the tank w a l l  t o  any point within the 
berm where an unbalance i n  charge laay d s t .  Adding t o  the problem iS 
the f a c t  that t h e  high-velocity ions have ample energy t o  produce secMd~rg 
electrons f r c n n  tbe tank walls, target, or ae reve r  t h e  ion beam impinges. 
8eference 1 indicates that the current of secondary electrons can const i tub 
an appreciable f ract ion of the ion beam current, especially for surfaces with 
adsorbed gases such as would be present i n  eld8tiIlg t e s t  f a c i l i t i e s ~  

beam and the w a l l s .  
this capacitance can r e su l t  i n  induoed charges in the ion beam boundaries 
which might contribute toward beam neutralization, 

I 
An additional. effect  of tank walls is the capacitance between t3.14 ion 

For tanks having m a l l  dirnenaions normal to the ion beau, 

Another question regarding the vdidll ty of vacuum tank t e s t s  is the 
effect  of the di lu te  plasma which may f i l l  such tmks. glectr ical  breakdm 
has been observed across large gaps and wi* low potential differences, in- 
dicating the presence of such a plasma (reference 2). 

The technique f o r  pulsed operation of ion rockets has recently been 
developed by Sellen and Shelton of Space Teohnology Laboratmles (ref. 3) 
.nd has served t o  eliminate the u o n t i ~ o u s  ian beam between the engine and 
the beam impaut point. Using the pulsod-beam taohnique, neutral ion beam 
are still obtalned when suitable mean8 of electron addition are employed i n  

'the neutralizer systcwn. The pulsed-beam testing teuhnique i s  gemrally 
conslidered t o  have removed the major source of doubt oonuornhg vacuum tank 
testing. However, f o r  the rea80ni outlined above, sane daubte regarding 
vacuum tank tes ts  s t i l l  remain. Acoordingly, f l igh t  t e s t s  of ion engines 
are conaidered essential  t o  make certain tha t  ion rmket beans can be 
neutralized i n  space. 

- 

ines. - The two engines t o  be tested i n  the two SERT-I f l igh ts  
hawe bas 5 c y different neutralizer systems, Both of these neutralizer 
systems have demonstrated effectiveness i n  producing neutral beam during 
both steady and pulsed operation of these engines i n  vacuum tanks. 
of these engines was developed a t  the NASA L d s  Research Center (ref. b) 
and the other was developed a t  Hughes Research Laboratories under NASA 
contract (ref. 5 ) .  The Lewis engine employs electron bcmbardmpnt of 
mercury vapor t o  produce its ions; a night prototype model of t h i s  mgim 
i s  shown i n  figure b. The Hughes engine i s  mounted i n  a small vacuum pod 
during launch. This permits prolonged heating and outgassing of the  
propellant supply l ines  and t h e  porous ion emitter. 

h e  

I 
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. 
The major engine cha rac t e r i s t i c s  and operating conditions are as follows: 

Ion beam outs ide diameter, in, 
Overall engine diameter, in,  
Engine weight (including mount) , lbs ,  
Propellant 
Spec i f ic  impulse, see. 
Total  input power, watts 
Power eff ic iency,  percent 
Propellant u t i l i z a t i o n  efficiency, 

Thrust, millipounds 
Beam current,  MA 

Beam perveance, micropervs 

percent 

-c Current density, MA/CMz 

L e w i s  Bughm 
Engine En&= 

4 
7.5 
9.3 

Mercury 
5 000 
1400 

50 

80 

28 0 
6.9 
2-24 

6.4 

3 
4 
14 

Cesium 
9 000 

610 
5 1  

96 
1.6 

59 
3.5 
0-15 

The L e w i s  engine (f ig .  4) employs the  simplest  n e u t r a l i z e r  system, and 
it cons i s t s  of a heated tantalum s t r i p  immersed i n  t h e  ion beam. 
anode forms at about t h e  d is tance  from the  emitter where t h e  emitted e lec t ron  
dens i ty  equals t h e  ion density. The accelerat ion d is tance  f o r  t h e  e lec t rons  
with space-charge-limited flow can thus be a s m a l l  f r a c t i o n  of a m i l l i m e t e r ,  
permitt ing very s m a l l  acce le ra t ing  poten t ia l s  t o  be used. 
i s  subjec t  t o  sput te r ing  erosion, and some other  system may the re fo re  be pre- 
f e r r ed  f o r  p r a c t i c a l  ion engines. 
immersed emi t te r  i s  t o t a l l y  impractical ,  s ince ca re fu l  design can probably keep 
the erosion rate t o  w e l l  below one percent of t h e  propel lant  flow rate. 

A v i r t u a l  

An immersed emi t te r  

However, it should not be in fe r r ed  t h a t  t h e  

The Hughes engine ( f ig ,  5) employs an e lec t ron  t r a p  and emitters which 
are adjacent to ,  bu t  not immersed in ,  t h e  i.on beam, The port ion of t h e  beam 
enclosed in s ide  the e lec t ron  t r a p  i s  at  a pos i t ive  p o t e n t i a l  relative t o  t h e  
remainder of t h e  beam. 
e lec t rons  can be trapped f o r  a shor t  d w e l l  t i m e  during which they  lose some of 
t h e i r  energy, 
f o r  introduct ion of  e lec t rons  into t h e  b $ m  

This region is  therefore  a p o t e n t i a l  w e l l  i n  which 

The e lec t ron  t r a p  a l s o  serves as an a c c e l e r a t e d e c e l e r a t e  system 

Ir 

t h e  Hughes engine. 
e lec t rons  w i l l  be added by emitters arranged j u s t  ou ts ide  t h e  beam periphery and 
down-beam from tfie t r a p  electrodeo 

A second neu t r a l i za t ion  system wLU. a l s o  be s tudied  during o-peration of 
The e lec t ron  t r a p  voltage w i l l  be reduced t o  zero, and 

Kaufman (ref, 2) po in ts  out t h a t  the mechanisms involved i n  t h e  operation 
H e  speculates  Of all Qf these neu t r a l i ze r s  have r iot  been deqlmtxdy explained. 

t h a t  plasma wave phenomena are  important i n  the reduction i n  e lec t ron  energy 
(ve loc i ty)  necessary t o  produce beam neutral i ty .  
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Test Techniques, - The payload package wfll be spin stabilized a t  about 
170 r~m, The two engines will be operated sequentially and are arranged to 
produce moments about the spin axis, Thus, changes in-spin rate  over 8 pGflod 
of time will permit computation of ion engine thrust ;  thrust  data can be 
obtained to an accuracy leve l  of around three percent by t h i s  method. An 
instantaneous measurement of spin rate will be obtained from a "vibrating 
string" accelerometer, which will be mounted with i ts  sensitive .Xis normal. 
t o  the spin a d s  so as t o  permit measurement of the centrifugal fcsce, 
addition, spin ra te  wiU be measured by a sun sensor. 

engine by means of a 5-sensor hot-wire calorimeter l i k e  the one described in 
reference 60 The calorimrber w i l l  be v g  through the beam t o  meamre the 
distribution of energy density about thb beam centerUne. 

In 

"he beam spreading rate  wlll be determined during operation of the Lewis 

Any departure from normal beam apreadlng will also be indicated dnrir~g 
operation of the Hughes engine of amrll Faraday cups located 3uSt outside 
the normal berm boundaries. 

A rotating vane electr ic  f i e l d  mster will indicate any differerne in 
potential between the pqrload package md surrounding 8paoe. 

On both engines, measurements will be made of the various electrode 
voltages and currents, 
programmer contained i n  the payload package i n  order t o  s t a t  the engine, 
conduct %he desired t e s t  sequence, and stop the engines. 
of the Hughes angine, a command urvsrride may be employed t o  adjust tho 
voltage on the electron t rap  electrode. 

The voltages will be varied by a mechulicd 

During operation 

The t es t  sequence will be as follows: 

(1) Operate Hughes Engfne 

(a) Steady s ta te  operation with spin rate  change and beam 
diagnostic measurements. 
be pre-set. 

The neutralizer controls w i l l  

(b) Star t  Hughes alternate programer to vary electrode voltages, 
Provisions a re  made to stop the programer a t  my point to 
measure spin r a t e  change, 

(c) Switch to alternate neutralization method with no voltage on 
t r ap  electrode. 
will be made. 

Spin ra te  change and beam diagnostic measumments 

(2) Operate Lewis Engine 

(a) Steady s ta te  operatdon with measurement of spin ra te  change, 
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(b) Probe surveys t o  measure the distribution of energy dsnsity 
about the beam center line. 

(c) A study of the response of the engine t o  step transients. 

(a) Probe surveys with neutralizer alternately on and off. 

Effectively neutralized ion beam w i l l  be indicated if: 

(a) The thrust computed fram payload spin r a t e  data agrees d t h  

(h) 

the theoretical thrust  f o r t h e  enginea. 

The measured beam spreading rates  are in agreement wlth those 
obtained i n  vacuum tank teats. 

(c) The ion beam current md the variow electrode drain currents 
are  i n  agreement with vacuum tank data. In particular, the 
presenue of beam turnaround should manifest itself by large 
currents t o  the accelerator and electron trap electrodes. 

SERT 11 

The SEBT IS n i g h t  t e s t s  w U l  caasist of two Thor-Age= orbitbig nighter, 
and they w i l l  begln during the a p p r t x h t e  time period indicated in figure 1. 
The engines t o  be tested on these flights will be m o d u l a r  units of the ion 
engines being developed for  use with SNAP08 and the larger power generating 
systems which w i l l  follow. A single ion engine operating a t  2 to 3 KW input 
power will be tested i n  each of the fl ights,  A contract f o r  developent of 
the payload package has not pt been awarded. 

Pu oseo- The objective of the SERT I1 fU&ts i s  t o  make certain tha t  
the eng -fe, ne esign concepts are  suitable for space operation pr ior  t o  going 
ahead Kith the expensive developnent and testing of larger engines. The 
operation of the neutralizer systems w i l l  again be an i t an  of particular 
concern i n  these fl ights,  since these neutralizer system will be different 
i n  configuration than either of the systems tested i n  the SERT I flightso 
These fl ights should reveal any problems with lhe neutralization of closely- 
spaced multiple beams. Also, the perveance w i l l  be appreciably greater than 
i n  the SFJE I engines. 

The long-term effects on ion engine systems of micrometeoroids and 
corpuscular radiation can be accurately determined only by longduration 
orbi ta l  f l i gh t  tests with r ea l i s t i c  engine geometry, 

and 

Some possible effects we: 

Triggering of e lectr ical  breakdown between the high-voltage electrodes, 

Deposition of sputtered material on the ion emitter and on insulators. 
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Ehgines. - Only one engine is definitely scheduled f o r  t e s t  i n  the SERT-I1 
pragram. T h i s  engine i s  shown i n  figure 6, It is  a strip-beam engine currently 
under developent by Hughes Research Laboratories under NASA contract, 
the following performance goals: 

1% has 

Overall frontal  dimensions, 5 in.  by 4 in ,  
EhgIne weight, 12  pounds 
Propellant , cesium 
specific impnlse, 6000 SCC. 
Total input parer, 2.17 KW 
Power efficiency, 75 percent 
Propellant ut i l izat ion efficiency, 98 percent 
Thrust, 1 2  millipounds 
Beam current, 685 MB 
Current density, 15 U/M2 
hUa POrVepIlce, 5.86 IKkrQpePVs 

The neutralizer system is shown i n  figure 6 and is similar t o  the one to 
be tested on the annular-beam engine i n  the SERT I fli@pts. 

A second engine which may be tested duringthe SERT I1 f l ights  is a cesium 
electron bombardment engine which has recently began developnent under NASA 
contract a t  Electro-Opticd Systems. 
ca l l s  for  P developnent of a 3 KW engine suitable for  clustaring or  s c d b g  t o  
larger sizes. 
propellant feed systems, and controls, i s  scheduled f o r  one gear from the 
contract award date, 

The contract awarded December 27, 1962, 

Delivery of two f l igh t  prototype systemsp including thrustom, 

Test technique. - Solar ce l l s  and rechargeable bat ter ies  will be used t o  
permit continuous operation of a 2-3 KW engine. 
from measured changes i n  the s a t e l l i t e  orbit ,  

Engine thrus t  will be obtdved 

SERT I11 

The SERT I11 program i s  comprised of two Thor-Delta orbiting flights duping 
the time period indicated i n  figure 1, 

Arrpose. - The purpose of the SERT I11 flights is t o  qualif'y an ion rocket 
system f o r  mission application for  att i tude control and station-keeping Of 
synchronous, stable-platform sa te l l i t es ,  The Thor-Delta flights w i l l  p l w e  the 
ion engine system i n  low-altitude polar orbit  and w i l l  serve to demonstrate the 
satisfactory operation of all system components : thrustors, gimbala, cantrols, 
propellant system, power supply, and att i tude sensors. O f  particular in ta res t  
will be the long-term effects on system performance of such factors as mfcro- 
meteoroids, corpuscular radiation, hard vacuum, and zero gravity, 
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Engins system. - A contract was awarded Hughts Research Laboratories on 
October 1, 1962 t o  develop the ion engine system, A flight prototype ~ s t m  
will be delivered one year from contract award dab. The aystan (figa 7) 
will contain eleven thrwtors grouped into four pods. Each pod will con* 
two stripbeam, 0.5 millipound thrustors f o r  a t t i tude control. Three of the 
four  pods will 8180 contain an annular-beam, 1.54nillipound engine for 
station-keeping, G i m b a l s  like those under developcnt f o r  the Surveycir ' 

project will be wed to potate each pod thmugh 90 dogrees, thus permitting 
each pair of qttitudo control engines t o  be wed for  a t t i tude control abaut 
either of two major axes. 

The poroaa tungstan ion emitter i s  warmad up by reaistanco heaterr 
over a 30 second period prior t o  operation of each att i tude thruatar. A 
valve in the propellant eupply 1 h e  to each engine is used t o  i n i t i a t e  a d  
to terminat& the thruat. If  finer thrust control pruves desirable, it can 
be obtained by controlling voltage on the accelerator electrode. 

On-board aensors will be used t o  supply at t i tude control s y f i  md 
station-keeping operation w l l l b e  triggered by ground coamnd. 
systan will permit sixultmeons att i tude and station Corrections. 

e control 

The engine system, exclusive of solar  ce l l s  and rechargeable batteries, 
is expected t o  weigh 47 pounds, This weight includes the propellant acceastwy 
for 3 years of operation on a 55O-pound qnchronuw, stable-platform sa te l l i t e .  

Teat technique. - The spacecraft att i tude Wiu, be controlled t o  within * 0.5 degrees in order t o  evaluate the att i tude control sJntsm. 
keeping thrwtors  will be operated a t  intervals. Some additional attitude 
diaturbmce torqge is t o  be expected dur5ng th i s  operation i f  the statian- 
keeping thrust  vectors do not pass thr- the spacecraft center of gTlViW0 
Uncertainties i n  cogo location, thermal expansion effacts  on cog. location, 
and thrustor alignment errors are some of tihe causes of' at t i tude disturbance 
torques during operation of the station-keeping thrustors. 
of the magnitude of this effect  is one of the -Jar objectives of t he  SERT 111 
program. 

'he statim- 

An evaluation 

Zero-g Flights 

A f l i g h t  program, using Aerobee vehicles, is under way a t  the NASA Lewis 
Restarch Center t o  study zero-gravity heat t r rnsfer  t o  fluids. 
these sero-g exporfments w i l l  provide assurance that the propellant feed 
systems w i l l  function properly i n  space. 

Data f r m  

If it is deemed necessary, fli@ta 
be conducted as a part  of the Aerobee aero-g program t o  test the s p e d f U  

PrOpal1-t Sptw to bs  US^ in the V~I%OUS SElT flightro 



EARLY ELECTRIC PROPULSION MTSSIONS 

Satel l i te  Attitude Control md Station-Keeping 

The mission, - The eml ie s t  mission arplication of electric propulsion 
is l ike ly  t o  be for  att i tude eontrol and station-keeping of Sgnchronm, - -  
stable-piatform sa t e l l i t e s  ., This application is considered suffbienwy 
prodsing t o  warrant the M e d i a t e  dewlopent  of the ion rocket system 
described under the SERT I11 program wen though no sgmcifio satellite hat! 
pt been scheduled t o  use the system, The present schedule of SERT 111 
f l igh t  tes t s  would provide us with a mission-ready system i n  calendar par 
1965 0 

The att i tude control system must be capable of overcoming the effects 
of distu~banco torques which &ere from natural effects such as solar radiation 
pressure and micrometeoroid impact and internal effects such as gas leakage 
and rncdng parts, The disturbance torques are a function of s a t e l l i b  uon- 
figuration, The unbalanced solar pressure i s  generally the main disturbing 
torque, and for  a carefully derigned SSO-pound sa te l l i t e ,  this torqw i s  
l ike ly  to  be of the order of 50 dyne-cas, 

To maintain a s a t e l l i t e  a t  a fixod position i n  a PL-hoar orbit, the  
thrust requirements are dictated by three principal disturbing forces, Tho 
largest  of these is due to the so-called t r iax ia l i ty  of the earth (nm- 
symmetrical mas distribution about the polar ds), The other principal 
disturbing forces resul t  from the gravitational attraction of the sun ad 
the moon. 

The t r iu r fa l i ty  of the earth causes the satell i te t o  d r i f t  i n  an Easterly 
or a Westerly direction toward the closer of two positions of minimum 
gravitational attraction, 
longitude per dayg depending upon the s a t e l l i t e u s  i n i t i a l  longitude, 

The rate  of d r i f t  ean be as great as 0.3 degree of 

The grovltational attractions of t h e  sun and the moon cause the satellite 
orbi t  inclination t o  vary from zero t o  about 16 degrees i n  eyelical  fwPlicdn 
and with a period of abaut 50 yearsb 

For 3-axis att i tude control and station-keeping f o r  a stable-glatfom 
satell i te it is necessary t o  apply corrective thrust i n  various directions, 
Attitude control about each axis requires two eqd-magnitude th rus t  vectors, 
oppositely directed, and wfth a t  leas t  one of these vectors providing torque 
about the d s .  
center of gravity, i n  both t he  North-South and t h o  East-blest directions, 
requirements can be met by a number of f ired t h r u s t o ~ ~ ~  or by as f e w  as two 
thrustors i f  they are suitably gimballed, 

Station-keeping requires single vectors through the s a t e l l i t e  
These 

The system, - The system selected for developaent is shown i n  ftgure 7 
and is described briefly under t h e  SERT I11 pmgram, It will w i g h  abaut 
47 pounds, which includes propellant for 3 years of operation on a SSO-pound 
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synchronous, stable-platform satellite. The system w i l l  contain 11 th rus to r s  
and 4 gimbals, 
a t t i t c d e  cont ro l  ahout a l l  3 axes and for  station-keeping i n  t h e  North- 
South direct ion,  
developed f o r  other  appl icat ions,  and se lec t ion  of  these  components provides 
reasonable assurance of a s a t i s f a c t o r y  system at  an e a r l y  date, Delivery of 
t h e  first prototype system i s  scheduled f o r  October 1, 1963. 

These w i l l  provide 100 percent t h r u s t o r  redundancy f o r  

Many of t h e  components of t h e  system have already been 
i 

! 

c 

Comparison with chemical rockets. - It i s  i n t e r e s t i n g  t o  compare t h e  
c a p a b i l i t i e s  of ion rockets  and chemical rockets  f o r  sa te l l i te  a t t i t u d e  
cont ro l  and s t a t i o n  keeping. This comparison w i l l  be made f o r  a 550-pound 
synchronous satell i te,  a 3-year operating l i fe ,  a s t a b l e  platform design. I f  
t h e  s a t e l l i t e  were spin s t a b i l i z e d  as with Syncoms I and 11, then e l e c t r i c  
propulsion would not be feas ib le ,  However, stable-platform satell i tes are 
being considered f o r  missions beyond Syncom 11. 
use of f ixed antennae aq opposed t o  the  phased antennae a r rays  of spinning 

f o r  a non-spinning satellite, 

S tab le  platforms permit t h e  

. satellites, Also,  t h e  a t t i t u d e  sensors and cont ro l  system are  s implif ied 

The following t a b l e  compares t h e  ion rocket system cu r ren t ly  under 
development with two bi-propel lant  chemical rocket systems operating a t  300 1 seconds spec i f i c  impulse. 

COMPARISON OF' SYSTENS FOR ATTITUDE CONTROL 

AND STATION-KEEPING 

Synchronous, Stable-Plat  f orm, 550-lb S a t e l l i t  e 

Bi-propellant 

Ion 0.01 0,003138 
rocket Lb 'pec/pulse Lb sec/pulse 

Operating l i f e ,  years 3 1 3 

Propel lant  consumption, l b  2.3 280 68 

Thrustor and p r o p e i i m t  sys tex  weight, 1% 41 - 53 

Solar  c e l l  weight, l b  19 0 0 

Bat te ry  weight, l b  60 0 0 

Tota l  system weight, 20 122 %50 121 

Reference 7 8 9 

The two columns f o r  t h e  bi-propel lant  rocket are f o r  t w o  assumed values 
of the minimum impulse b i t  per pulse. The 0.01 lb-sec b i t  i s  t y p i c a l  f o r  
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propel lant  valves cu r ren t ly  undergoing use; t h i s  impulse b i t  r e s u l t s  i n  
exorbi tant  propellant, consumption. The 0,003138 15-sec b i t  may be rep- 
r e sen ta t ive  of advanced valves. 
impulse b i t  y i e lds  a chemical system having a weight compe3itive with +he 
e l e c t r i c a l  system for 3-year l i f e .  
a t ta inable ,  then t h e  choice between e l e c t r i c a l  and chemical systems would 
probably be  determined by  r e l i a b i l i t y  considerat ions,  For l i fe t imes 
g r e a t e r  than 3 years t h e  e lec t r ica l  system would, of course, compare more 
favor ab 1 y. 

Such valves are not  yet operational.  This  

If t hese  system weights prove t o  be  

Orbi ta l  Mapping 

A second mission i n  which e l e c t r i c  propulsion may f i n d  e a r l y  appl ica-  
t i o n  i s  t h a t  of d e t a i l e d  mapping of the Earth 's  magnetic f i e l d  and r a d i a t i o n  
be l t s .  A s a t e l l i t e  payload i n  i n i t i a l  low a l t i t u d e  polar  o r b i t  can make use 
of e lectr ic  propulsion t o  s p i r a l  slowly outward t o  give a thorough mapping 
o f  t h e  magnetic and r ad ia t ion  f i e l d s  which r o t a t e  wi th  t h e  Earth. 

P comparison of  an arc j e t  and an ion rocket  f o r  th i s  mission i s  shown 
i n  t h e  following tablez 

COMPARISON OF FIELD MAPPING CAPABILITIES 

I n i t i a l  o rb i t :  Polar, 300 n m i .  I n i t i a l  weights 1130 l b  

I I1 I11 

1.5 KW A r c  Je t  3 KW Ion 3 KW Ion 

Spec i f ic  impulse, sec 1000 5000 5000 

Thrustor eff ic iency,  percent 50 70 70 

Mission t i m e ,  days 90 90 1 7 7  

S c i e n t i f i c  payload, l b  295 333 295 

Fina l  o r b i t ,  n, m i .  5800 2000 5200 

Columns I and I1 compare t h e  two t h r u s t o r s  on t h e  b a s i s  of equal satel-  
l i t e  r a i s i n g  t i m e s .  The ion rocket  i s  considerably i n f e r i o r  t o  t h e  a r c  j e t  
on this b a s i s j  it y ie lds  a s l i g h t l y  l a r g e r  payload bu t  cannot raise t h e  
sa te l l i t e  t o  an a l t i t u d e  approaching that a t t a i n a b l e  w i t h  t h e  arc je t ,  
Columns I and I1 compare t h e  two t h r u s t o r s  on t h e  basis of equal payload 
weights. 
jet ,  bu t  requi res  twice t h e  r a i s i n g  t i m e ,  The conclusion, then, i s  t h e  same 
as t h a t  a r r ived  a t  by o the r  s t u d i e s  (e.g,, ref. 10)~ namely, t h e  a r c  j e t  
appears b e t t e r  s u i t e d  for t h i s  p a r t i c u l a r  mission. A s m a l l  arc j e t  t h rus to r ,  
designed f o r  operation i n  t h e  1-1-5 KW range, i s  p re sen t ly  being developed 
by  Plasmadyne Corp. under NASA contract ;  a r e l i a b l e  t h r u s t o r  has not  yet  been 

Here t h e  ion rocket  approaches t h e  r a i s i n g  c a p a b i l i t y  of t h e  arc 
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obtained. 
t h i s  s a t e l l i t e  raising mission w i t h  the sacrifice i n  perfomance noted above. 
The resistance-heated electrothermal mclcet (refs,  ll and 12) offers evm 
more promise than the  arc j e t  fo r  t h i s  mission; however, it is  i n  a very 
early stage of developent. 

The ion &ines being readied for SEm 11 could also be used f o r  

The efficiencies l i s t ed  fo r  both the ion rocket and the arc  j e t  i n  the 
foregoing table  are somewhat above the levels currently being obtained; it 
is hoped tha t  these efficiencies will be available with rel iable  md durable 
thrustors within 2 years. 

CONCLUDING REMARKS 

FUght t e s t s  are a necessary par t  of the developnent of e lectr ic  thrustor 
t o  mission-ready status. In  1963 we hope t o  establish the feasibi l i ty  at' 
neutralising high-perveance ion beams i n  space. Following t h i s ,  we expect 
to  make orbiting f l i gh t s  with 2 t o  3 KUmodules of a contact ion engine and 
a bombardment ion engine, both of which can be clustered t o  yield the large 
ion engines required i n  the future. By the  end o f t h e  decade w e  expect t o  
have 30 KW, or  larger, models of ion engines ready f o r  possible f l i gh t  t e s t s  
wlth the SNfl-8 or other e lectr ic  propulsion systems. 

I 

Two early missions appear attractive f o r  e lec t r ic  thrustors with solar 
ce l la  as the power sgurce. 
at t i tude control of synchronow, stable-platform satel l i tes .  
containing ll smI.1 ion thrustors is presently under development, and Will 
undergo flight tests i n  1965, 

One of these laissions is station-keeping and 
A s g s t e m  

The second ear ly  mission f o r  electric thrustors i s  the r d s i n g  of 
slnall, instrumented sa t e l l i t e s  t o  give detailed mapping of the Earth's 
magnetic f i e ld  and radiation bel ts ,  A small  electrothermal racket appears 
most a t t ract ive f o r  this application, but an ion rocket could also suffice 
i f  Q suitable electrothermal rocket does not become available, 
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Fig. 1. - NASA e l e c t r i c  propulsion flight tests. 
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Fig. 4. - Lewi.8 engine for SERT I. 
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Fig. 5.  - Hughes engine for SEXC I. 
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